Objective: To study the safety and efficacy of an innovative device using distraction-based magnetically controlled growing rods )MCGR( for the treatment of pediatric scoliosis.
Neurosciences 2016; Vol. 21 )1( www.neurosciencesjournal.org C hronologically, pediatric idiopathic scoliosis can be categorized on the basis of age of the patient at first identification of the deformity: infantile )0-2 years and 11 months(, juvenile )3-9 years and 11 months(, and adolescent )10-17 years, and 11 months(, 1, 2 or as early )0-5 years-old( and late-onset scoliosis )>5 years-old(, which does not only includes idiopathic scoliosis, but also those children with neuromuscular, congenital, or syndromic scoliosis. 3, 4 Pathological classifications relate to the main system or tissue affected by the underlying pathology, such as congenital scoliosis, which affect the skeletal elements of the spine, neuromuscular scoliosis, related to general neurological and/or muscular disorders, and idiopathic scoliosis, where there is no clear underlying problem which might cause the curvature. 5, 6 Progressive spinal deformity in early life presents significant health risks for the child and a challenge to the treating surgeon. [7] [8] [9] Non-operative treatment includes casting and orthotic treatment, and can be indicated for early-onset scoliosis with curves from 25-35° until 40-50°, usually requiring it until skeletal and spinal maturity. This treatment, however, can deform the immature thorax and cause subsequent pulmonary complication, pressure sores, among others, and maybe ineffective to control the curve progression. 10, 11 When the deformity is progressive and severe )>40-50°(, surgical treatment is often indicated. Spinal fusion, if undertaken before growth is complete, results in shortening of the trunk, arrested pulmonary development, severe respiratory compromise, and poor cosmetic appearance. [12] [13] [14] The gold standard for surgical treatment of scoliosis in young non-skeletally mature children has been the traditional growing rod )TGR( procedure. This technique requires repeated lengthening every 6 months, with the patient anesthetized in the operating theatre undergoing an invasive procedure with the accompanying risks. This approach can control the progression of the curve and gradually straighten the spine, allowing the child's spine to grow until definitive correction can be made when the patient nears skeletal maturity after the age of 11-13 years of age. However, this technique requires the invasiveness of repeated distractions, with associated anesthetic and surgical risks. 9, 10, [15] [16] [17] The TGR is also associated with many socioeconomic drawbacks, like costs of the repeated operations, miss of school time by the children, and time off work by the parents. [18] [19] [20] A new device using distraction-based magnetically controlled growing rods )MCGR( was developed to treat selected cases of severe pediatric scoliosis, to avoid such repeated surgeries and associated deleterious consequences for the patient and their families.
Preliminary results indicated MCGR was safe and provided adequate distraction similar to TGR technique, and can be used as dual-rod )DR( or single-rod )SR( technique of rod construct. 13, 15, 17, [21] [22] [23] [24] As this is a relatively new technique, figures were added to illustrate a case in which the magnetic rods were implanted (Figures 1-4) . Our aim was to present an evidence-based systematic review of the literature for the surgical management of patients with pediatric scoliosis using this relatively new MCGR technique.
Methods. An evidence-based systematic review of literature for the surgical management of patients with pediatric scoliosis with MCGR technique was performed, using the PubMed )indexed for MEDLINE(, limited to articles regarding pediatric scoliosis in English-language, sampling only humanchildren )from birth to 18 years(, from all the previous publication until the present )February 2015(. 25 The following main search terms were used: "pediatric scoliosis" )1,067 papers(; "early-onset scoliosis" )150(; "scoliosis AND magnetic rods" )9(; "magnetic growing rod" )6(; "adolescent scoliosis AND magnetic rods" )4(; "magnetically controlled growing rods" )4(; "early-onset scoliosis AND magnetic growing rod" )5(. Reviewed case series, case reports or cohort studies describing patients with pediatric scoliosis submitted to surgical management with MCGR were pulled and reviewed. Papers not concerned with the clinical or therapeutic aspects using this system were excluded. Relevant socio-demographic data, preoperative and postoperative films, surgical technique, complications of the treatment, and patient outcomes were collected, analyzed, and discussed. Descriptive statistics were compiled when appropriate.
Statistical analysis. Preoperative, immediate postoperative, and last follow-up outcomes )Cobb angle, spinal length, mean distraction length, among others( were averaged and standard deviations calculated over the 6 studies, weighting appropriately with the respective sample sizes in order to arrive at overall figures. This was also the case for the complication rates. Statistical comparisons of the outcomes were evaluated separately for DR and SR appliances. Differences between the 2 were evaluated with a "t-test". Statistical comparison of the complication rates between DR, and SR were carried out with Fisher's Exact Test.
Results. A total of 7 articles met the initial inclusion criteria and were fully reviewed. 13, 15, 17, [21] [22] [23] [24] After reviewing those papers, one article was excluded, as it describes a different and not yet approved model of magnetic growing rod )GR(, the custom made "Phenix rod" )Phenix Medical, Paris, France(. 21 The other 6 remaining papers described the use of the same equipment, the MCGR called: MAGEC system™ )Ellipse Technology, Irvine, CA, US(, and for this reason, it was decided to include only those cases to make a more homogeneous comparison. 13, 15, 17, [22] [23] [24] Six published papers using the MCGR )MAGEC™ Ellipse Technology, Irvine, CA, USA( were included, 13, 15, 17, [22] [23] [24] total of 68 patients, and mean of 11.33 patients/study )1-34(. The mean age of the patients was 8.63 years )3-14 yr.-old(, 30 )44.11%( were male and 36 )52.94%( were females, with a male/female ratio of 0.83. According to the pathological classification of the scoliosis presented, 5, 6 there were 26/68 )38.23%( idiopathic, 36/68 )52.94%( neuromuscular, and 6/68 )8.82%( of congenital subtype (Tables 1 and 2 ). This review 13, 15, 17, [22] [23] [24] www.neurosciencesjournal.org Table 1 -Descriptive summary of all included studies regarding MCGR for severe pediatric scoliosis.
Authors

Level of medical evidence Description Comment
Akbarnia et al 24 , 2013 IV Prospective case series of 14 patients who underwent surgery for scoliosis using MCGR, mean age of 8.8 years. Five had SR and 9 had DR surgery. Mean follow-up was 10 months. The main Cobb angle of the main scoliosis changed from 60° to 34° after initial surgery, and 31° at latest follow-up. The mean spinal length T1-S1 changed from 292 mm to 338 mm at the latest follow-up. Complications occurred in 5 )35.7%( of the patients.
This paper supports the use of MCGR for severe pediatric scoliosis, as a safe and effective technique. DR achieved better curve correction and greater spinal height compared with SR.
Cheung et al, 13 2012 IV Prospective case series of 5 patients who underwent surgery for scoliosis using MCGR, mean age of 11 years. Mean follow-up was 19 months. Regarding the case of 2 patients with 24 months' follow-up, 1 had SR and 1 DR; the mean Cobb angle of the main scoliosis changed from 67° to 29° at latest follow-up; regarding the kyphosis, changed from 43° to 34° at latest follow-up. The mean spinal length T1-S1 changed from 199 mm to 229 mm at the latest follow-up. Complications occurred in 2 )40%( of the patients.
This paper supports the use of MCGR for severe pediatric scoliosis, as it minimizes surgical scarring and psychological distress, improves quality of life, and is more cost-effective than the traditional GR.
Cheung et al, 22 2014 IV Case report of a 12-year-old girl with severe kyphoscoliosis, syringomyelia and Chiari I malformation who underwent implantation of the MCGR. She had daily distractions of the implant over the course of 2.5 months, obtaining 47 mm of total distraction length. The Cobb angle of the main scoliosis changed from 109° to 94° after initial surgery, and 66° at 2.5 months follow-up; regarding the kyphosis, the curve of 72° did not change after the initial surgery, and reduced to 62.2°. After the final fusion, the main scoliosis reduced to 28.2°, and the thoracic kyphosis to 54.7°. There was no complication or implant failure.
This paper supports the use of MCGR for severe pediatric kyphoscoliosis, allowing gradual correction of the deformity while the patient is awake, where the device has been shown to be safe and effective.
Dannawi et al, 15 2013 IV Prospective case series of 34 patients who underwent surgery for scoliosis using MCGR, mean age of 8 years. The mean follow-up was 15 months. Twenty two had DR and 12 had SR surgery. The mean Cobb angle changed from 69° to 41° at latest follow-up; regarding the thoracic kyphosis, changed from 33° to 32° at latest follow-up. The mean spinal length T1-S1 changed from 304 mm to 348 mm at the latest follow-up. Complications occurred in 8 )23.5%( of the patients.
This paper supports the use of MCGR for severe pediatric scoliosis, as a safe and effective method, with the avoidance of repeated surgical lengthening.
Hickey et al, 17 2014 IV Retrospective case series of 8 patients who underwent surgery for scoliosis using MCGR, mean age of 4.5 years. In 4 patients in the primary group and of 10.9 years. In the 4 patients of revisions from other surgeries, the mean follow-up was 28 months. Six had DR and 2 had SR surgery. In patients who had MAGEC as a primary procedure, mean Cobb angle changed from 74° to 42° at latest follow-up; mean spinal length T1-S1 changed from 215 mm to 286 mm at the latest follow-up. In patients who had MAGEC as a revision procedure, mean Cobb angle changed from 45° to 44° at latest follow-up. The mean spinal length T1-S1 changed from 306 mm to 373 mm at the latest follow-up. Complications occurred in 4 )50%( of the patients.
This paper supports the use of MCGR for severe pediatric scoliosis, when used as either a primary or revision procedure. Although implant-related complications are not uncommon, the avoidance of multiple surgeries following implantation is beneficial compared with traditional GR systems.
Yoon et al, 23 2014 IV Prospective case series of 6 patients who underwent surgery for neuromuscular scoliosis using MCGR, mean age of 7.5 years. Discussion. The natural history of progressive early-onset scoliosis )EOS( is usually unfavorable, due to rapid progress causing cosmetic disfigurement, significant cardio-pulmonary insufficiency, and poor prognosis. 15, 26, 27 Significant progression of these curves may be associated with life-threatening health risks.
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Pulmonary development is not complete at birth and thoracic deformity caused by scoliosis may adversely affect lung maturation up to the age of 8. 28 The deleterious effect of scoliosis on the developing lung is to inhibit the growth of both alveoli and pulmonary arterioles. This incomplete maturation of the lung and pulmonary vasculature is the primary cause of the ventilation defect seen in patients with EOS. 12 The growth of the spine and thoracic cage in children varies significantly from birth to the onset of adulthood. The T1-S1 segment grows approximately 100 mm during the first 5 years of life )1.66 mm/month(, approximately 50 mm between ages 5 and 10 )0.83 mm/month(, and approximately 100 mm between age 10 and skeletal maturity )1.5 mm/month(. Therefore, it is very important for a surgeon to consider the state of skeletal maturity and the amount of growth remaining in the spinal segment to be fused. 29, 30 The proper management of EOS remains challenging since therapeutic approach aims at reducing and controlling the spinal curvature while maintaining growth of the spinal column and thorax. The TGR technique with repeated open distractions was considered the main treatment for progressive and severe EOS until the definitive spinal fusion could be performed around 11-13 years of age. 9, 10, [15] [16] [17] Non-fusion instrumented surgery reduces the curvature and maintains the correction by repetitive distraction surgeries, allowing for spinal and indirect pulmonary growth. Although still considered an effective technique for the management of EOS, TGR can lead to many surgical and anesthetic complications, potentially affecting the quality of life of those children. 24, 27, 31 One of the major disadvantages of the TGR is the requirement for repeated surgical procedures to lengthen the rods as the child grows. Considering an average of rod lengthening at every 6 months, a child can be submitted to approximately 15 surgeries during their GR treatment. In addition to the surgical and anesthetic morbidity, the patient and the family must take significant time off school and work, besides possible psychological disturbance. 17, 19, 32 Bess et al 19 studied 140 patients with EOS, submitted to 897 TGR procedures. The mean age at the initial surgery was 6 years, and mean duration of follow-up was 5 years. At least one complication happened in 58% of the patients, being 27% of SR group because of implant complications, compared with 10% of the DR group. Among those patients with subcutaneous rod, 26% had wound complications compared with 10% with submuscular rod. The patients with subcutaneous DR had more wound complications, more prominent implants, and more unplanned surgical procedures than did those with submuscular DR construct. The risk of complications occurring during the treatment period decreased by 13% for each year of increased patient age at the initiation of treatment, and increased by 24% for each additional surgical procedure performed.
The concept of a remote magnet to drive force for a GR system and promote correction of scoliosis was suggested by Takaso et al 33 in 1998. Other authors reported that a magnetically expandable GR system can be used for distraction between ribs, vertebra, and pelvis. 34, 35 Cheung et al 13 reported the first clinical study using MCGR )MAGEC®, Ellipse Technology, Irvine, CA, USA( in 2012. They described the 2 years follow-up of 2 patients with severe scoliosis, and shorter follow-up Neurosciences 2016; Vol. 21 )1( www.neurosciencesjournal.org avoid repeated surgical procedures for rod lengthening. The study also estimated that using the MAGEC system is cost-saving compared with TGR from about 3 years after the initial procedure. The estimated cost-saving per patient after 6 years is approximately £12,077 )USD 18,946(. 40, 41 The literature on TGR has shown that DR are more advantageous than SR in terms of lower rate of rod fracture, better rate of deformity correction, and higher rate of spinal growth. 36, 37 In this systematic review using MCGR, 13, 15, 17, [22] [23] [24] the mean correction of the main scoliosis and spinal growth at the latest follow-up was significant and also more advantageous using the DR construct (Table 2) .
Using the TGR technique, the usual interval between distractions is between 6 to 9 months; however, distraction in MCGR can be carried out more frequently depending on the patient's age, growth potential, curve flexibility, and diagnosis. 24, 42 In this systematic review of cases using MCGR, 13, 15, 17, [22] [23] [24] the mean interval between distractions was 55.33 days, and mean of 3 mm of distraction per episode (Table 2) .
Akbarnia et al 16 reported that the average T1-S1 length increase was 12.1 mm per year for patients with EOS who underwent DR surgery and were followed up for at least 24 months. Olgun et al 43 found that the growth of the vertebral body heights within the instrumented levels )7.0±2.9 mm( was significantly more than those outside the instrumentation levels )5.2±3.4 mm( and concluded that GR had stimulated the growth of the vertebral height. Cheung et al 13 using the MCGR, showed that the actual and predicted rod distractions were closely comparable. In this more recent study of Akbarnia et al, 24 the average monthly T1-S1 growth was comparable, 3.09 mm using DR and 1.27 mm using SR construct, yet slightly higher than the TGR technique, and they supposed that this difference could be because of more frequent remote controlled distractions, especially during the more rapid phase of growth. In our study, 13, 15, 17, [22] [23] [24] the mean postoperative T1-S1 spinal length increased more with the DR in comparison with the SR technique, being 13.92% with the DR )48.3 mm; 2.8 mm/mo.( and 10.48% with the SR )38.8 mm; 2.29 mm/mo.( )p=0.0042( (Table 1 & 2) .
Postoperative complications occurred in 21/68 )30.88%( of the patients, being 25% in DR, and 31.57% in the SR group, but the difference between both in groups was not statistically significant )p=0.7516(. Among those, prominent implant occurred in 8.33% of patients who had DR construct, and none at the SR group )p=0.5437(; wound infection in 2.77% of DR and 10.52% of SR )p=0.2716(; loss of distraction in 8.33% of DR and 10.52% of SR )p=1.0000(; rod breakage in 2.77% and 10.52% of SR )p=0.2716(; of other 3, where the preliminary clinical results showed evidence of its health-care benefits, supporting its role as an alternative to the TGR. The MCGR was able to correct spinal curvature and encourage normal spinal growth with a non-invasive outpatient distraction method. Akbarnia et al 24 reported that the mean correction of scoliosis was 43% after initial MCGR and improved to 48% at final follow-up, comparable with the reported TGR studies, [36] [37] [38] and similar to our review with MCGR, which showed 45% of mean curve correction. They concluded that the use of MCGR seems to be effective in correcting and maintaining scoliosis curve correction. 24 Charroin et al 20 published their study regarding the costs of the management of EOS in France, comparing the TGR with MCGR technique. The estimated direct costs of TGR in 4 years were €49,067 )USD 61,380( and €42,752 )USD 53,477( for MCGR strategies. In the cases of the TGR, costs were mainly represented by hospital stay expenses )83.9%( whereas in the other, the cost of MCGR contributed to 59.5% of the total amount. This study showed that MCGR is a recent and promising innovation in the management of severe EOS. Therefore, MCGR can minimize the costs of repeated surgical-anesthetic procedures and hospital admissions. Rolton et al 39 also evaluated the costs of all aspects of each treatment group and compared the differences between those 2 rods in treating EOS over a projected 5 year period. There was a cost saving of over £8,000 ) USD 12, 190 20, 38, 39 An evidence-based review conducted by the Medical Technologies Advisory Committee at the National Institute for Health and Care Excellence )NICE(, in England, provided guidance regarding the use of the MAGEC system for pediatric scoliosis. 40 The provisional recommendations supported the use of the MCGR for children aged between 2 and 11 years, with progressive scoliosis unresponsive to conservative treatment, to implant pull-out in 2.77% and none at the SR group )p=1.0000( ( Table 2 ). There were some limitations to this work. As a retrospective study of a relatively new medical topic, there was potential selection bias, limited comparable results, small number of published studies and cases, and there was lack of a standardized way to describe the main results for most of the papers. Overall, the systematic review of the literature suggests that MCGR is a safe and effective alternative to the TGR system in the treatment of progressive EOS, with the avoidance of repeated surgical lengthening. 13, 15, 17, [22] [23] [24] Classification of evidence. Level IV of Medical Evidence )case series( for Therapeutic Study 44 was provided with this systematic review supporting the role of MCGR in the treatment of patients with severe pediatric scoliosis, as a safe and effective technique. 13, 15, 17, [22] [23] [24] Level IV of Medical Evidence 44 was provided with this systematic review supporting the role of MCGR with DR construct in the management of severe pediatric scoliosis, in order to achieve a better correction of the scoliotic curve and to maximize the postoperative T1-S1 spinal length. 13, 15, 17, [22] [23] [24] Recommendation Grade C )based on single Level II study or multiple Level IV or V studies( 44 can be formulated to support the use of MCGR in patients with severe pediatric scoliosis, as an option to reduce and control the spinal curvature while maintaining growth of the spine, as an alternative to the TGR system without inducing major morbidity. 13, 15, 17, [22] [23] [24] Recommendation Grade C 44 supports the use of MCGR as an option in patients with severe pediatric scoliosis, to achieve better correction of the scoliotic curve and to increase postoperative T1-S1 spinal lengthening using DR construct. 13, 15, 17, [22] [23] [24] In conclusion, this was an evidence-based systematic review of the literature regarding pediatric scoliosis treated with MCGR, limited to the previously established criteria. According to this study, the MCGR could be a safe and effective alternative technique to the traditional growing rods system for patients with severe pediatric scoliosis. The use of MCGR is as an option to reduce and control the spinal curvature while maintaining growth of the spine, without inducing major morbidity, with better correction of the scoliosis, and increased postoperative T1-S1 spinal lengthening using double-rod construct technique. 13, 15, 17, [22] [23] [24] 
